The complex nature of crude oil distillation units, including their interactions with the associated heat recovery network and the large number of degrees of freedom, makes their optimization a very challenging task. We address here the design of a complex crude oil distillation unit by integrating rigorous tray-by-tray column simulation using commercial process simulation software with an optimization algorithm. While several approaches were proposed to tackle this problem, most of them relied on simplified models that are unable to deal with the whole complexity of the problem. The design problem is herein formulated to consider both structural variables (the number of trays in each column section) and operational variables (feed inlet temperature, pump-around duties and temperature drops, stripping steam flow rates and reflux ratio). A simulation-optimization approach for designing such a complex system is applied, which searches for the best design while accounting for heat recovery opportunities using pinch analysis. The approach is illustrated by its application to a specific distillation unit, in which numerical results demonstrate that the new approach is capable of identifying appealing design options while accounting for industrially relevant constraints.
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Introduction
Crude oil distillation is one of the most complex and energy-intensive separation units in the petroleum refining industry. The crude oil distillation system comprises a complex distillation unit and a heat recovery network in which the crude oil feed is partially vaporised. Figure 1 illustrates a typical petroleum refinery crude oil distillation system. The system includes a fired heater that typically consumes fuel equivalent to 1 to 2% of the oil being processed 1, 2 . This combustion of fuel is associated with high CO 2 emissions and high operating costs.
Extensive heat recovery is routinely implemented in crude oil distillation systems to reduce energy costs.
In grassroots design, several degrees of freedom related to the column structure, its operating conditions and the associated heat recovery network are subject to optimization. The need to account for the complex interactions between these subsystems makes the design of crude oil distillation columns a highly challenging task. For a new ('grassroots') design, the column configuration (number of trays in each section of the column and location of the feed tray, pump-arounds and side-stripper draws) and the operating conditions (feed inlet temperature, pump-around duties and temperature drops, stripping steam flow rates and reflux ratios) need to be selected. In addition, the heat recovery network (known as the preheat train) needs to be designed simultaneously. In this way, the column can be designed to create heat recovery opportunities that can be further exploited by the heat exchanger network. The design of this heat recovery network aims to identify the network configuration and heat transfer area that minimise the total annualised cost while accounting for both capital and operation expenditures.
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Figure 1 Typical crude oil distillation system
The operation of a standard crude oil distillation column is as follows (see Figure 1 ). Stored raw crude oil is partially heated in Preheat Train 1 and fed to a desalter, which removes dissolved or suspended salts from the crude oil feed 3 . The crude oil is further heated, in Preheat Train 2 and a fired heater, before being fed to the atmospheric distillation column.
The preheat trains use heat recovered from the crude distillation unit, particularly the pumparounds, condenser and product streams. The partially vaporised crude oil is fed to the atmospheric distillation column a few trays above the bottom stage. Stripping steam is supplied to the column at the bottom stage, which partly suppresses the boiling point of the crude mixture and further vaporises the crude oil mixture. The crude oil is separated into various fractions, such as light naphtha (LN), heavy naphtha (HN), light distillate (LD) and heavy distillate (HD). Side-strippers remove light components from side-draws using stripping steam or reboilers. Pump-arounds provide internal reflux and create heat recovery opportunities by cooling and returning liquid streams withdrawn from the column. The residue from the atmospheric column contains valuable hydrocarbons, which are typically further separated in a vacuum distillation column (not shown in Figure 1 ).
Conventional design methods [4] [5] [6] consider the complex column and the heat recovery network in separate steps, without taking into account interactions between the two subsystems.
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Various researchers [7] [8] [9] have applied optimization techniques to design the crude oil distillation column while simultaneously accounting for the heat recovery network. However, these approaches apply simple shortcut distillation models 7 to support the design task in an attempt to avoid the numerical problems encountered when optimising more rigorous simulation models. The use of these shortcut models can lead to large errors, as they often cannot accurately predict the behaviour of the complex crude oil distillation unit 8 . These shortcut models are also restricted to specific column configurations, which limits their applicability.
This work applies a simulation-optimization approach for the design of crude oil distillation units that integrates a rigorous tray-by-tray model of the distillation unit implemented in a commercial process simulator (Aspen HYSYS v8.6) with an optimization algorithm coded in Matlab R2015a. The optimization of process simulation models using external algorithms was addressed in other works [10] [11] [12] , but to the best of our knowledge none of them applied this approach to the design of complex crude-oil distillation units. In essence, these approaches decouple the simulation from the optimization in order to simplify the modelling and subsequent optimization of the process model. The process model is thus implemented in a simulation package that solves a system of nonlinear equations, while the optimization is carried out by an external algorithm that seeks the best values of the independent values by iteratively interrogating the process model.
As will be later discussed in the article, these approaches differ in the optimization algorithm employed, which can be a deterministic method (e.g. gradient based) or based on stochastic optimization algorithms (e.g. genetic algorithms, simulated annealing). Hence, when applied to the design of complex distillation units, the simulation-optimization approach takes advantage of the physical property and thermodynamic models, as well as the crude oil characterization and column hydraulic models available in the process simulator. These tailored models ultimately lead to more accurate results compared with the use of shortcut methods. In addition, the rigorous simulation environment is more versatile, allowing for a more flexible modelling of the column configuration. Furthermore, heat recovery opportunities for each proposed design were determined in this work using an open source algorithm implemented in Matlab 13 . Following this approach, pinch analysis was used 5 iteratively to perform heat integration calculations for the designs proposed by an external optimizer.
The remainder of this article is organised as follows. Section 2 reviews existing methodologies for the design of crude oil distillation units. In Section 3, a superstructure representing the crude oil distillation unit is proposed and a detailed optimization formulation is presented together with a customized solution procedure. The solution procedure makes use of readily available commercial process simulator to simulate the crude oil distillation column, hence avoiding the need to formulate the complex column using explicit equations; moreover, the process simulator environment is versatile and user-friendly, thus making our approach easier to implement in practice and accessible to industrial practitioners. Section 4 introduces a case study that illustrates the capabilities of the proposed design methodology.
The conclusions of the work are finally presented in Section 5.
Previous research on crude oil distillation unit design
In the past decades, various methods have been proposed and developed for the design of formed the basis for many subsequent design methodologies for crude oil distillation units that involve iterations and trial and error procedures. Furthermore, the heat recovery network is omitted in these design approaches, which neglect the complex interactions between such a network and the distillation column.
Other research has focused on developing integrated design methods that address the design of the crude oil distillation unit and the associated heat recovery network simultaneously.
Along these lines, Liebmann and co-workers 1,14 combined rigorous column models and pinch analysis to design a crude oil distillation unit. Their approach takes design decisions in a sequential manner considering heat recovery at each step using pinch analysis. To avoid the numerical difficulties associated with the rigorous simulation of the column, Sharma 15 
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proposed to use the concept of a column grand composite curve 16 . This strategy identifies the maximum amount of energy that can be recovered without affecting the separation. A limitation of this approach is that the role of the stripping steam is neglected. Bagajewicz and Ji 17 focused on overcoming the above limitation, incorporating the effect of the stripping steam on the maximum heat recovery of a crude oil distillation column and introducing the concept of a heat demand-supply diagram. This approach, however, does not account for the trade-off between capital and energy costs.
To design an integrated process system, it is necessary to design the complex column and the heat recovery network simultaneously. For example, Suphanit 7 applied the column decomposition strategy of Liebmann and co-workers 1, 14 to develop a shortcut model for the crude oil distillation column. This model was then used within an optimization framework together with pinch analysis to simultaneously optimise distillation operating variables and the heat recovery network (utility demand and area) so as to minimize the total annualized cost. Rastogi 8 extended the shortcut model of Suphanit 7 to account for column pressure drop and pump-around location. A detailed model of both the heat exchanger network and the distillation column was incorporated into an optimization framework that optimized the column structure and operating conditions. Chen 9 modified the shortcut models of Rastogi 8 to allow for other pump-around locations and also modelled temperature-dependant properties of process streams undergoing phase change. In this work, the structure and operating conditions of the column together with the heat exchanger network were optimized using simulated annealing.
A comprehensive overview of optimization methods applied to process synthesis and design can be found in the excellent work of Grossmann et al. 18 and Grossmann and Guillén-Gosálbez
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. The optimization methods have been applied to design several chemical processess (other than crude oil distillation units) [20] [21] [22] [23] [24] .
Several conclusions can be drawn from the literature review presented above. Traditional distillation design methods do not simultaneously consider heat recovery. Integrated design approaches do consider both, the column and the heat recovery network, but seldom analyse the trade-offs between capital and energy cost in a rigorous way. Optimization techniques have been used to design the column and heat recovery network [7] [8] [9] . However, to simplify the This research introduces a systematic framework for the design of heat-integrated crude oil distillation units that overcomes the limitations of established methods. Our approach applies rigorous tray-by-tray distillation column models to simulate alternative designs. These models are combined with a genetic algorithm that optimizes the column design. The number of trays in each column section together with the operating conditions (including the feed inlet temperature, pump-around duties and temperature drops, stripping steam flow rates and reflux ratios) are selected to minimize the total annualized cost. This cost accounts for the annualized capital cost and annual operating costs related to fuel consumption in the furnace.
Optimization-based design approach
This section presents a simulation-optimization based approach for the design of crude oil distillation units. First, the rigorous tray-by-tray model used to simulate the crude oil distillation column is discussed. Then, the mathematical formulation of the optimization problem is presented. Next, an approach proposed to solve the optimization problem is described. We emphasize that we are dealing here with a very complex crude oil distillation system for which many decisions (including pump arounds, diameters and number of trays in different sections and operating conditions) must be optimized all together while considering the design of the HEN coupled with the unit. Developing a short-cut method for such a system is a very challenging task that would very likely result in larger approximation errors.
Crude oil distillation unit simulation model
In process design, it is crucial that models used to simulate design options are sufficiently realistic to deliver feasible solutions. Two main types of models are available for design of crude oil distillation units, namely, shortcut models [7] [8] [9] and rigorous models 14, 17 . The shortcut models adapt the Fenske-Underwood-Gilliland design equations for simple columns. These models predict the number of trays in each column section and operating conditions, such as On the other hand, the so-called rigorous models apply material and energy balances as well as equilibrium relations in every stage of the column 25 . These models provide more accurate predictions. However, they are more difficult to handle due to the need to start the calculations from a very good initial guess in order to avoid convergence problems.
Procedures for solving rigorous models are well established, and have been implemented in commercial process simulation software such as Aspen HYSYS, Aspen Plus, UNISIM, and PRO II. Such software allows designers to simulate complex distillation column flowsheets using iterative and sequential modular algorithms. Here, there is no need to define in an explicit form the model equations, as they are already implemented in the process simulator.
Simulation packages like ASPEN, HYSYS or gPROMS already contain specific routines to solve distillation columns (and other unit operations) that are highly efficient. In this work, without loss of generality, the 'rigorous' distillation model available in Aspen HYSYS v.8.6
is used to simulate the crude oil distillation column. Section 3.3 presents a detailed description of how the rigorous column model is built.
Heat recovery consideration
In general, heat recovery is carried out using a heat exchanger network (HEN). After fixing the process configuration and operating conditions, information on process streams (i.e., inlet and outlet temperatures and duties of all streams requiring heating and cooling) becomes available. This information could be used to design the HEN, which determines the minimum utility requirements that will be used to evaluate the design options.
In an optimization-based design, many options need to be evaluated before selecting the best alternative. In this context, designing a full HEN for each potential design would require significant computational effort. This is because the HEN design can itself be posed as a nonconvex MINLP problem that is per se hard to solve, mainly due to the presence of bilinear terms in the constraints as well as concave ones in the objective function 26 . While there have been some recent attempts to solve the HEN design problem more efficiently 21 , the methods proposed still scale poorly with the number of hot and cold streams. To overcome this limitation, pinch analysis is applied here. Hence, targets for minimum utility requirement are determined to screen the design options and propose improvements for 
Crude oil distillation column modelling -superstructure formulation
In this section, the column superstructure used to design the crude oil distillation column is developed. A process superstructure considers (ideally) all possible design alternatives simultaneously. The superstructure of the complex heat-integrated crude oil distillation column is built treating Murphree tray efficiencies 27 as binary variables that can activate or deactivate trays (following the approach developed by Yeomans and Grossmann 28 and
Caballero et. al. 10 ). In this approach, a column section containing equilibrium stages includes a set of 'temporary' trays (also known as inactive trays) and 'permanent' trays (also known as active trays). On a permanent tray, mass transfer takes place between the vapour and liquid phases; it is assumed that phase equilibrium is achieved. On a temporary tray, no mass transfer takes place; the temporary tray is modelled as a by-pass with inputs equal to the outputs in each phase. In a commercial process simulator, trays can be modelled by setting appropriately their Murphree tray efficiency 27 : zero (when the tray is inactive) or one (when it is active). On both types of trays, the material and energy balances and equilibrium relations are solved. However, on a temporary tray, no separation takes place. Figure 2 illustrates the superstructure for modelling the crude oil distillation column. 
Figure 2 Superstructure representation of crude oil distillation column
As shown in Figure 2 , the column superstructure consists of eight sections: five sections in the main column and three side strippers. The initial number of trays in each column section can be selected using traditional methods 4, 5 or shortcut models [7] [8] [9] . In the superstructure, each section is set up to ensure that more trays are available than will be needed. During optimization, the optimal number of trays in each section will be determined. The minimum possible number of permanent (active) trays in the superstructure is 18; 12 in the main column and 2 in each side stripper. These trays are located at points where a stream enters or leaves the column.
Mathematical formulation
The crude oil distillation column design problem can be formulated as an MINLP model (M1) based on the superstructure proposed in Figure 2 : 
where ψ is the objective function; ℎ ூ denotes the set of implicit equality constraints representing material, energy and thermodynamic equations embedded in the process simulator; ℎ ா is the set of explicit equality constraints while ݃ ா is the set of inequality constraints. ܺ , ܺ ௌ and ܺ ை are the feasible sets for the decision variables, namely ‫ݔ‬ , ‫ݔ‬ ௌ and ‫ݔ‬ ை , which represent dependent, structural and operational variables, respectively. The dependent variables are calculated by the simulator for fixed values of ܺ ௌ and ܺ ை .
For the crude oil column design problem, the inequality constraints can be more specifically formulated as in Model M2:
where N i is the number of active trays in column section i; Q PA,j and ∆T PA,j are the duty and temperature drop of pump-around j; F S,k is the steam flow rate of stream k; R is the overhead 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reflux ratio; T F is the feed inlet temperature; and ܶ5 and ܶ95 are the boiling temperatures of product ݈ at 5% and 95% vaporization (according to ASTM standards; note that other specifications could be defined in a similar way).
In Model M2, ݃ ଵ to ݃ are bounds on structural and operational variables, while ݃ and ݃ ଼ represent constraints on product quality in terms of ASTM D86 boiling temperature: T5 and T95. To enhance the numerical robustness of the model, it is advantageous to include the latter constraints (product quality) in the objective function via penalty terms 21 . The resulting formulation, M3, is:
where ݃ denotes the inequality constraints ݃ and ݃ ଼ ; Π is a scalar parameter that scales the magnitude of the violation of constraints, and hence ensures that the product quality specifications are maintained during the optimization. Note that this penalty term can be easily formulated using slack variables.
Objective function
The aim of the optimization-based design task is to search for those process structure and operating variables that best achieve a desired objective. Different types of objective functions are relevant, for example, net profit, energy cost, net present value and total annualized cost. The most appropriate objective function to be used depends on the aims of the design. For grassroots design, a suitable objective is to minimize the total annualized cost (TAC), as it accounts for the trade-off between capital investment and operating expenses.
The total annualized cost is the sum of the total operating cost (OC) and annualized capital cost (ACC): 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13
For the particular case of crude oil distillation unit, the most significant operating costs are the cost of stripping steam and of hot and cold utilities, usually fuel for fired heating and cooling water. Pinch analysis allows minimum utility requirements to be calculated 29 for a given set of heating and cooling duties. In this way, opportunities for heat recovery are accounted for during the design optimization.
In Eq. (5), ‫ܥ‬ ௌ் , ‫ܥ‬ ு and ‫ܥ‬ are the unit costs of stripping steam, hot and cold utilities, respectively; ‫ܷܪ‬ and ‫ܷܥ‬ are minimum hot and cold utilities, respectively, while n represents the number of stripping steam streams associated with the column.
The annualized capital cost is the installed cost of the column shells (ܵ ) and the installed cost of trays within the column, (ܶ ), multiplied by an annualization factor (A f ) 29 .
where ݅ is the interest rate and ‫ݐ‬ is the plant life.
Cost models
The column shell and tray costs are estimated using the correlations proposed by Guthrie 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 column, ‫ܪ‬ is the sectional height, which depends on tray spacing and ‫ܨ‬ ଵ is the column cost factor, which depends on the column material of construction and column operating pressure.
The tray cost factor ‫ܨ‬ ଶ depends on the type of tray, tray spacing and material of construction.
where The column diameter and height for a specific type of internal are determined using hydraulic models, as discussed in the Section 3.4.3.
Hydraulic models
In crude oil distillation column design, hydraulic analysis is required to identify an appropriate tray selection and to avoid entrainment (or jet flooding), weeping, coning and downcomer flooding 25 . Different design and types of trays and packings (e.g. sieve tray, valve tray, high capacity tray) have a specific range of satisfactory vapour and liquid flow rates, defined by upper and lower bounds 25, 33, 34 . Therefore, the column diameter has to be sized appropriately to accommodate the flows of vapour and liquid in the column, and also provide enough active area for mass transfer 25 , without incurring an excessively high pressure drop. The tray spacing needs to be chosen in order to avoid entrained liquid jetting onto the tray above 25 . Furthermore, the downcomers should have sufficient area to allow liquid flow 25 .
Established methods are available for column sizing and selection of internals 25, 34, 35 , many of which have been implemented in commercial process simulators. In this work, the column sizing capabilities implemented in the tray sizing utility of Aspen HYSYS v8.6 are employed to carry out the hydraulic calculations. The column diameter obtained from this calculation, 15 together with the column height (determined based on permanent trays), are used to determine the purchase cost of the column.
Solution procedure
The optimization of the column naturally leads to an MINLP problem containing nonlinear equations and binary as well as continuous variables. Various approaches have been developed and proposed to solve this type of problem. These approaches can be broadly classified as deterministic (gradient-based) methods [36] [37] [38] [39] and stochastic (derivative-free) methods 36, 40 . A detailed discussion of MINLP algorithms can be found elsewhere [36] [37] [38] [39] [40] [41] . Note that our MINLP is not defined in a fully explicit manner, but rather via both explicit and implicit equations implemented in the simulator and in an external modelling system (i.e., Since Model M3 is nonlinear and non-convex, standard deterministic methods can only guarantee convergence to a local optimum. Furthermore, obtaining the derivatives of the NLP might be difficult, which may lead to convergence problems when applying gradient-based NLP algorithms. To overcome these limitations, this work applies a stochastic global search method to solve M3 based on genetic algorithms (GA). We note that, despite the various strategies implemented in the GA, this approach is unable to guarantee convergence to the global optimum. Global optimality can only be ensured using deterministic methods, but 16 these require the explicit form of the equations. In our case, these equations are implemented by the simulator, which does not provide direct access to the equations.
The strategy proposed to optimize Model M3 is presented in Figure 3 . The proposed approach combines a rigorous tray-by-tray crude oil distillation column model with cost models, a heat recovery model and a hydraulic model within a unified framework. This strategy searches for the best configuration and operating conditions that result in minimum total annualized cost. The crude oil distillation unit is simulated using a rigorous column model implemented in Aspen HYSYS v8.6, while the optimization algorithm is coded in Matlab R2015a. The exchange of information between Matlab R2015a and Aspen HYSYS v8.6 is established using the automation client-server application provided by Matlab R2015a. Hence, in each iteration, the genetic algorithm proposes the column structure and operating conditions to be simulated in the rigorous column model. Process stream information from the converged column flowsheet is used by the heat recovery model to calculate the minimum hot and cold utility demand. For each permanent (active) tray inside the column, the vapour and liquid flow rates and fluid properties are calculated and used in the hydraulic model to determine the column diameter (using the tray sizing utility within the Aspen HYSYS v8.6 simulation environment). The column diameter and height, utility targets and steam flow rates are used to calculate the objective function. This objective value is used to guide the search for an optimal set of structural and operational variables that minimize the column total annualized cost. Certain combinations of inputs proposed by the optimization algorithm may lead to an infeasible simulation of the rigorous column, which may consequently halt the algorithm. This issue is overcome by adding a large penalty to the objective function whenever the column simulation fails. As discussed later in detail, numerical results show that this strategy leads to feasible designs that do not violate any inequality. The section that follows provides more detail about the genetic algorithm.
Figure 3 Framework for the optimization-based design of crude oil distillation unit
Optimization algorithm
The genetic algorithm falls into the class of stochastic optimization methods known as evolutionary programming. Genetic algorithms have been successfully applied to many complex chemical engineering problems [42] [43] [44] [45] . The algorithm handles both integer decisions The implementation of the genetic algorithm involves four fundamental steps, namely, generation of a random population of individuals, evaluation of fitness of individuals, and selection of the best individuals and reproduction using genetic operators (cross-over and mutation) in order to create the population for the next generation 46 . Figure 4 provides an overview of how these steps evolve to an optimal solution. A detailed description of each step follows.
Figure 4
Solution strategy based on genetic algorithm (adapted from Odjo et al. 42 )
Step 1: Generation of random population of chromosomes
The first step in the implementation of the genetic algorithm involves the generation of a random population of chromosomes (or individuals), which represents alternative structure examples show that this particular choice leads to a system that is numerically more robust than others, meaning that there are fewer solutions proposed by the genetic algorithm that do not convergence in the simulator. The total number of chromosomes in a generation, the population size, is usually pre-specified by the designer.
Step 2: Evaluation of individual fitness
In this step, all the chromosomes generated in Step 1 representing alternative designs are simulated on the rigorous distillation column model in HYSYS in order to determine their relative fitness. The fitness function is usually the objective function of the optimization problem, which in this case corresponds to the total annualized cost. The specifications in the simulation are as follows: product quality, boil-up ratio(s), reflux ratio(s), pump-around duties and temperature drops. Chromosomes leading to simulations that do not convergence are penalised to prevent the genetic algorithm from proposing similar solutions again.
Similarly, solutions that do converge but violate at least one constraint are also penalised.
Step 3: Selection of best individuals
All the members of the population are evaluated in terms of their fitness. High scores are assigned to members with high fitness and low scores to those with low fitness. High performing chromosomes (also called parents), i.e. alternative designs with minimum total annualized cost are later chosen for reproduction (cross-over or mutation). Some of these high performing chromosomes (elites count) are retained and passed forward to the subsequent generation without changing their form 47 .
Step 4: Reproduction 
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Reproduction consists of two operations, namely, cross-over and mutation. For the cross over operation, two parents are selected at random, and then some part of the genetic information (i.e. number of trays in column sections, feed inlet temperature, pump-around duties and temperature drops, stripping steam flow rates and reflux ratio) of one parent is swapped with the other to create two new chromosomes 47 . Mutation involves random alteration of the genetic information (either number of trays in column section or operating conditions) of one parent to produce a new chromosome 47 . This operation helps to ensure diversity of the population and to prevent the algorithm from been trapped in a locally optimal solution 47 .
The steps listed above are repeated several times until one of the convergence criteria is satisfied. In this work, as convergence criteria we use the maximum number of generations and population convergence. The former establishes a maximum number of iterations after which the algorithm terminates while the latter stops when the difference in performance between two consecutive populations is less than a given tolerance. On termination, the bestperforming solution in the latest population and the corresponding objective function value are reported as the optimal solution to the design problem (provided all the constraints are met, otherwise the calculations are repeated using larger penalties). Implementation of the methodology is illustrated in a case study in the next section.
Case study
This section demonstrates the capabilities of the novel design approach.
Problem description
The case study is based on that presented by Chen 9 and concerns the design of a crude oil distillation unit that separates 100,000 bbl/day (662. Tables S1 and S2 in the supporting information.
The initial column design consists of a main column with three pump-arounds and three sidestrippers, as shown in Figure 5 . The main column has five sections (S-1 to S-5) with 5, 9, 10, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 boiling temperature) and flow rates are presented in Tables S3 and S4 in the supporting information. The column operates at a uniform pressure of 2.5 bar.
Sieve trays are assumed in the column hydraulic calculations. In all sections of the main column, four passes per tray are used, while two pass trays are used in the side-strippers. The main column and all side-strippers are sized based on an 85% approach to jet flooding, 50%
approach to downcomer and a tray spacing of 0.609 meters.
The economic evaluation assumes an interest rate of 5%, a plant life of 20 years and 8,700
operating hours per year. The initial column cost and costs of utilities are presented in Tables   S5 and S6 in the supporting information. A minimum approach temperature of 30 ºC is used to calculate minimum utility requirements.
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Initialization of the column optimization
The pre-optimization step starts by building the column superstructure that embeds all design alternatives using the approach presented in Section 3.3. The proposed superstructure for this case contains of 6, 10, 11, 9 and 10 trays in Sections S-1 to S-5 of the main column, and 6, 8
and 7 in the HD, LD and HN side-strippers respectively. Table 1a shows the lower and upper bounds on the number of trays in each column section. The lower bounds indicate the minimum number of active trays in each column section, and the difference between the upper and lower bound indicates the maximum number of temporary (inactive) trays, the existence of which is determined by the optimization algorithm. To complete the definition of the search space, bounds are defined for the operating conditions in Table 1b .
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Note that the initial design must be 'feasible'. This implies two things: the solution must meet the product specifications and the associated simulation must in turn converge in Aspen HYSYS v8.6.
Optimization parameters
The optimization aims to identify a column with the best structure and operating conditions, corresponding to the minimum total annualized cost. Due to the stochastic nature of the genetic algorithm, each optimization run is likely to reach a different solution. In order to search for the best solution obtainable, the genetic algorithm is run ten times consecutively.
The MINLP problem formulated in Section 3.4 is coded and solved in Matlab R2015a using the genetic algorithm implemented in the Global Optimization Toolboox, on a HP desktop PC with Intel(R) Core i5 processor running at 3.2GHz, and 8 GB of RAM. The initial population contains 100 chromosomes and the maximum number of generations is set to 200.
These parameter values were determined by running the genetic algorithm multiple times to finally select those parameter values that represent a good compromise between computational effort and quality of the final solution. Details of the computational results for 24 the multiple runs of the genetic algorithm are summarized in Tables S7 and S8 of the supporting information.
Optimization results
Case 1: CDU design without constraint on product flow rate
The best results found for the crude oil distillation unit are summarized in Figure 6 and Tables 2a to 2c. ). It should be noted that the utility targets reflect the minimum amount of utility required by the column from a thermodynamic viewpoint, without taking into account heat exchanger network details. For a more detailed analysis, a heat exchanger network model will be required to replace the grand compose curve in the optimization framework. Nevertheless, the stream data for the optimal column presented in Table S9 of the supporting information can be used to design the heat exchanger network for the column. The column structure together with the steam and utility requirement lead to a total annualised cost of 7.84 $MM y -1
. As shown in Table 2b , all the 5% and 95% ASTM boiling temperatures are within 10 ºC of the specified values; that is, no constraints on product quality are violated. On the other hand, Figure 7 and Tables 3a to 3c present the best results for the crude oil distillation unit design including constraint on product flow rates. A summary of the computational results (multiple runs) for this case is presented in Table S8 of the supporting information. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 29 In Table 3b , the flow rate of the atmospheric residue (RES) remains unchanged, compared to the initial values. Therefore, no valuable product is lost from the atmospheric crude oil distillation unit. Furthermore, all of the product ASTM boiling temperatures are within 10 ºC of the specified values; again, no constraints on product quality are violated.
Case 2: CDU design with constraint on product flow rate
Conclusions
The design of a crude oil distillation unit is a nontrivial task due to the large number of degrees of freedom and complex interactions between individual units. Further challenges arise due to the need to design the complex column and heat recovery system simultaneously.
Modified shortcut column models based on Fenske-Underwood-Gilliland have been applied for these purposes. However, the accuracy of these models can be low and they cannot be readily applied to any column configuration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   30 its operating conditions (i.e. feed inlet temperature, pump-around duties and temperature drops, stripping steam flow rates and reflux ratio) simultaneously.
One important advantage of using stochastic optimizers is that they do not require derivatives and are designed to avoid getting trapped in locally optimal solutions (although they cannot guarantee global optimality within a given tolerance). Computational results for the case study demonstrate that the proposed framework is capable of identifying designs that significantly improve the starting solution. In addition, it was shown that product quality specifications can be met effectively using a suitable penalty function, although this may be at the expense of some valuable products slipping into the residue stream. This limitation can be overcome by constraining flow rates within allowable limits.
Future work will explore the use of surrogate models [48] [49] [50] [51] of the distillation column in the optimization. Furthermore, to capture trade-offs between HEN capital cost and other costs, the framework needs to be extended to account for the synthesis of the heat exchanger network. Lastly, the proposed framework will be extended to retrofit of the complex crude oil distillation unit.
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